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Abstract
The chemical and dilution effects of the major exhaust gas recirculation
constituents N2, CO2 and H2O on the reactivity of iso-octane/air and n-
heptane/air mixtures were investigated by separated weak flames in a mi-
cro flow reactor with a controlled temperature profile. Experimental results
showed that high dilution ratios of 20% and 50% of N2 and CO2 shifted the
blue flame (reactions of intermediate species) as well as the hot flame (reac-
tions of the hydrogen/oxygen-system and CO) to higher wall temperatures,
indicating a decrease of reactivity. The cool flame at low temperatures was
not affected by these dilutions. On the other hand, dilution by H2O showed
a promoting effect on the reactivity as it shifted the blue flame and the hot
flame to lower wall temperatures. In 1-D steady computations by the mod-
ified KUCRS mechanism, good agreement was found with the experiment
except for dilution by H2O. For the comparison of flame locations, a new
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method was employed that calculated the photon emission from excited CH∗
and CO∗2. While the strong effect of H2O on the reactivity was not observed
in the simulation, it was attributed to its high enhanced third body efficiency,
which is important for three body chain branching and chain termination re-
actions of the hydrogen-oxygen system. The contribution of each separated
weak flame to the total heat release was calculated by the heat contribu-
tion index. This index revealed a stronger effect of the three diluents on
n-heptane than on iso-octane. This effect was found to be corresponding to
an increase of the research octane number by 28 for the addition of 50% H2O
to the n-heptane/air mixture. For iso-octane, the corresponding increase of
the RON was 12.
Keywords: Engine knocking, Research Octane Number RON, Primary
reference fuel PRF, Gasoline surrogate, Strategic Innovation Promotion
Program SIP
1. Introduction
Modern internal combustion engines still have potential for improvement
in several areas, such as reduction of NOx emissions, suppression of engine
knocking as well as increasing thermal efficiency and consequently lowering
fuel consumption and CO2 emissions. One technique that addresses these
topics is Exhaust Gas Recirculation (EGR), in which a part of the exhaust
gas is mixed with the fresh fuel/air mixture before combustion. There are
three main effects of EGR, namely the thermal effect, the dilution effect and
the chemical effect [1–4]. The thermal effect is controlled by large fractions
of CO2 and H2O in the recirculated gas, which have higher specific heat
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capacities than the pure fuel/air mixture. On the one hand, this leads to
higher intake temperatures when the recirculated gas is not cooled [5]. On
the other hand, this lowers the maximum combustion temperature as the re-
circulated gas can absorb more heat during combustion. The thermal effect
is therefore important in controlling the formation of NOx, as large amounts
are produced through the thermal pathway [6]. At the same time, lower
combustion temperatures also decrease the heat loss through the combus-
tion chamber walls, which increases the thermal efficiency [7]. Furthermore,
lower temperatures inside the chamber reduce the risk of engine knocking [8–
10]. The dilution effect refers to lower concentrations of O2 and fuel in the
combustion chamber by replacing parts of the fuel/air mixture with recircu-
lated gas. The reduction of O2 concentration leads to longer ignition delay
times [5, 11, 12], while at the same time concentrations of reactive species
are reduced. The dilution effect is most prominent for fuels that show multi-
stage ignition, while fuels that show single-stage ignition, such as iso-octane
and ethanol are less affected [13]. The third effect, the chemical effect, is
mainly controlled by the amount of CO2 and H2O in the recirculated gas. In
addition to the before mentioned higher specific heat capacity, these species
play an important role in three-body reactions. As both species, in general,
enhance three-body reactions, their addition leads to shorter ignition delay
times [11, 13, 14]. This trend is in competition with the retarding thermal ef-
fect, which is caused by their higher specific heat capacity [15]. Furthermore,
CO2 has an inhibiting effect on the reaction CO + OHCO2 + H, which, in
turn, slows down the important chain branching reaction H + O2OH + O
and therefore decreases reactivity [16].
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In a previous study performed by our group, it was found that H2O has a
strong inhibiting effect on syngas/air mixtures through the promotion of the
chain-termination reaction H + O2 (+ M)HO2 (+ M) [17]. This study em-
ployed a Micro Flow Reactor with a controlled temperature profile (MFR),
which consists of a quartz tube with an inner diameter that is smaller than
the ordinary quenching diameter [18]. This reactor channel is heated by an
external heat source that induces a stationary temperature profile along the
reactor axis. When the fuel/oxidizer mixture is introduced at the cold end
of the reactor at low flow velocities, the gas-phase temperature is strongly
governed by the externally induced temperature profile. Under this con-
dition, a stable weak flame is formed [18]. This weak flame corresponds
to a stable solution of the Fendell curve, where it represents the ignition
branch [19, 20]. Fuels of low reactivity show a single weak flame, the hot
flame, which is formed at high temperatures, as shown in Fig. 1. These fuels
include methane [21] and toluene [22]. Fuels with higher reactivity may show
an additional blue flame at intermediate temperatures and a cool flame at
low temperatures. Fuels with an additional blue flame include iso-octane [24]
and ethanol [25]. The cool flame appears for fuels such as DME [26] and n-
heptane [27]. Here, the fuel is consumed in the cool flame where intermediate
species are formed. These are, in turn, oxidized to CO in blue flame, which
further reacts to CO2 in the hot flame. This hot flame is also strongly af-
fected by hydrogen-oxygen reactions. As the pressure inside the MFR is
increased, these separated weak flames shift to lower wall temperatures and
larger portions of the heat release shift from the hot flame to the blue flame











Figure 1: Influence of the research octane number (RON) on weak flame appearance and
position at P = 100 kPa and Φ = 1.0. Flame regions from left to right: cool flame, blue
flame, (bright) hot flame. a) Methane (RON = 120), b) Toluene (120), c) Propane (112),
d) Ethane (108), e) iso-Octane/PRF100 (100), f) n-Butane (94), g) PRF50 (50), h) PRF20
(20), and i) n-Heptane/PRF0 (0). Experimental conditions differ slightly. Image obtained
from [23].
introduce a novel reactivity index, the Heat Contribution Index (HCI), which
is based on the heat release rate [23]. It was found that there is a clear con-
nection between the molecular structure of the fuel and its reactivity, where
straight chain alkanes exhibit strong cool flames, while these become weaker
for more branched molecules.
In Japan, the Strategic Innovation Promotion Program (SIP) was intro-
duced in 2014 in order to increase the thermal efficiency of internal com-
bustion engines [? ]. This program is a collaboration between the nine
major Japanese car manufacturers and more than 80 Japanese universities.
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For spark-ignited gasoline engines, the target of this program is to achieve a
thermal efficiency of 50% by the year 2019. One of the measures to reach this
goal is the usage of EGR, which reduces thermal losses by lowering tempera-
ture in the combustion chamber. In a previous study, our group investigated
the effects of EGR-like dilution on syngas by weak flames in a MFR [17].
Despite cool flames and blue flames being absent for syngas at atmospheric
pressure, the results for the hot flame showed that the MFR allows for a clear
separation of the dilution and the chemical effect from the thermal effect. In
order to examine the effect of the EGR constituents N2, CO2 and H2O on
the hot flame as well as on the cool flame and the blue flame, the two compo-
nents of primary reference fuels (PRF), iso-octane (PRF100) and n-heptane
(PRF0), were used in this study at an equivalence ratio of Φ = 1.0. Further-
more, the pressure was increased up to 500 kPa, as this is in the range of the
pressure at ignition timing in SIP gasoline engines. Experiments and steady
one-dimensional computations were conducted for the given conditions.
2. Method
2.1. Experimental method
The current study used a vertical-type micro flow reactor with a con-
trolled temperature profile (MFR) in order to obtain separated weak flames
of fuel/air mixtures that were diluted by EGR constituents. A scheme of
the MFR is shown in Fig. 2. The MFR’s reactor channel is a quartz tube
with an inner diameter of 2.0 mm and a length of 15.0 cm from its top to
the burner. The burner is a hydrogen/oxygen-enriched air coaxial burner
that is attached at the lower end of the tube. This external heat source
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Figure 2: Vertical-type micro flow reactor with controlled temperature profile.
leads to a mildly increasing temperature profile in axial direction inside the
tube. The temperature profile was measured by a K-type thermocouple (for
details see [23, 29]). The experimentally measured temperature profile and







x+ 350.18 K (1)
The temperature profile ranged from 373 K at the top inlet to 1300 K di-
rectly above the hydrogen burner. This vertical configuration with the broad
temperature profile leads to a higher spatial resolution and a better separa-
tion of the weak flames as compared to the horizontal type [29]. The coaxial
configuration, furthermore, assures a uniform temperature distribution in ra-
dial direction. The effect of the quartz wall on radical quenching was shown
to be negligible [30]. The flow inside the tube is laminar and at constant
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Figure 3: Experimental temperature profile and approximated quadratic function.
pressure. The pressure was controlled between 100 kPa and 500 kPa by a
pressure regulator that was attached at the downstream side of the MFR.
The mixture preparation was controlled by a heated mixing tank and digital
mass flow controllers. The liquid fuels were inserted into the heated and
vacuumed tank by a syringe at a temperature of 373 K to ensure complete
evaporation of the fuel. In the next step, nitrogen was added to the tank by
the partial pressure method to achieve a high level of mixing. In order to
investigate the effect of EGR-like dilution, additional N2, CO2 or H2O was




Pfuel + Pair + Pdil
(2)
Dilution ratios were chosen as 0%, 20% and 50%. The final pressure in the
tank was 600 kPa except for the case of H2O dilution, which was only added
up to 20% at pressures up to 300 kPa in order to prevent water condensation.
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This mixture was then combined with oxygen by digital mass flow controllers
in a ratio that satisfies the stoichiometric condition, the ratio of N2 and O2
in air as well as the dilution ratio. This final mixture was fed through heated
tubes (373 K) to the top inlet of the MFR. At atmospheric pressure, the
inlet flow velocity was 2.0 cm/s in order to obtain separated weak flames.
For elevated pressure, the inlet flow velocity was adjusted to keep the mass
flux constant, e. g., to 0.4 cm/s at 500 kPa. This change of inlet flow velocity
was previously shown to have negligible effect on the flame position [21, 26].
Weak flame images were taken by a Nikon D800 digital still camera at long
exposure times through a band-pass filter with a transparent wave length of
431 nm and a half band width of 6.4 nm. For each case, five images were taken
and averaged and a background subtraction was performed to obtain clearer
images of the weak flames. As the images were taken through a 431 nm band-
pass filter, the blue channel of the taken RGB images was used to find the
luminosity peaks that indicate the locations of the cool flame, the blue flame
and the hot flame. As the images exhibit a certain noise to signal ratio that
increases with pressure and dilution, low-pass filtering was employed in order
to finding these peaks. The overall uncertainty of the wall temperature at
the flame locations, considering the temperature measurement, the averaging
of the images as well as the low-pass filtering was estimated to be ±15 K for
the cool flame, ±10 K for the blue flame and ±2 K for the hot flame. In
our previous MFR studies, the captured chemiluminescence was assumed
to originate from the excited CH∗ radical. Depending on the reaction zone,
however, this overlaps with the broad-band chemiluminescence of the excited
CO∗2 [31]. Therefore, in this study, both sources were taken into consideration
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when determining the flame position.
2.2. Computational method
In addition to experiments, one-dimensional simulations by modified Chem-
kin-Pro PREMIX [32] were performed. The reactor channel was modeled as
a steady-state reactive flow without boundary layer. A multi-component
transport model was used and thermal diffusion was considered. In or-
der to account for the heat transfer between the gas-phase and the reactor
wall, an additional term was added to the energy equation (see Eq. (3), last
term) [18]. Additional information on the computational methodology can































(Tw − T ) = 0
(3)
The wall temperature profile was modeled after Eq. (1). The computational
domain was set to 15.0 cm with adaptive grid spacing. The minimum grid-
size inside the hot flame was 50µm. The pressure and the inlet flow velocity
were chosen according to the experiment to obtain weak flames and to keep
the mass flux constant. For both investigated fuels, a modified version of
the KUCRS PRF mechanism [29, 33] was used, which consists of 778 species
and 2181 reactions. For comparison, additional calculations were conducted
for the LLNL PRF mechanism [34] (1034 species and 4206 reactions). These
results, however, showed only poor agreement with the experimental results
and are therefore not discussed in the main body of this work but can be
found in the supplementary data. In previous MFR studies, the position of
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Table 1: Chemiluminescence reactions used to model CH∗ formation and quenching.
Reaction A b E Ref
R6 C2H + O  CH
∗ + CO 6.023E+12 0.0 457.0 [35]
R7 C2H + O2  CH
∗ + CO2 6.023E-04 4.4 -2285.1 [35]
Q1 CH∗ + H2O  CH + H2O 5.3E+13 0.0 0.0 [36]
Q2 CH∗ + CO2  CH + CO2 2.41E-01 4.3 -1694.0 [36]
Q3 CH∗ + CO  CH + CO 2.44E+12 0.5 0.0 [36]
Q4 CH∗ + H2  CH + H2 1.47E+14 0.0 1361.0 [36]
Q5 CH∗ + O2  CH + O2 2.48E+06 2.14 -1720.0 [36]
Q6 CH∗ + N2  CH + N2 3.03E+02 3.4 -381.0 [36]
Q7 CH∗ + CH4  CH + CH4 1.73E+13 0.0 167.0 [36]
the separated weak flames was determined by the location of peaks of the
Heat Release Rate (HRR). For atmospheric pressure it was shown, that the
location of these peaks agrees with the location of peak CH∗ concentrations,
which were assumed to be the main factor of the chemiluminescence that
was captured through the band-pass filter. In the current study, the HRR-
based approach will be compared to direct evaluation of chemiluminescence
by excited CH∗ and CO∗2. For CH
∗, the reactions involving the formation
and quenching were taken from [31, 35, 36] and are shown in table 1. Under
the assumption of steady-state, the concentration of CH∗ can be expressed
as Eq. (4), where A is the Einstein coefficient of 1.85×10−6 s−1 [31, 35]. The
CH∗ chemiluminescence can then be computed by the photon emission rate
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iCH∗ (mole photons/cm








The global formation reaction of CO∗2 can be expressed as Eq. (6) [37]. Con-
sequently, the photon emission rate from CO∗2 is directly dependent on [CO]
and [O] and can be expressed as Eq. (7) [38].
CO + O + M  CO∗2 + M (6)
iCO∗2 = 3.3(±0.3) × 10
3 exp(−2300 K/T )[CO][O] (7)
As the concentrations of these excited species are very small compared to
their not-excited state, the modeling of these species was done in a post-
processing step [35].
In order to evaluate fuel reactivity by separated weak flames in the MFR,
we introduced the Heat Contribution Index HCI in our previous study [23].
The HCI is the ratio of heat that is released in one of the separated weak
flames to the total heat release as shown in Eq. (8). In this equation, i
represents the chosen weak flames, WF represents all weak flames, HRR is








The HCI allows for an investigation of reactivity at various temperatures
and different stages of combustion. In this study, the HCI method was used
to evaluate the effect of different EGR diluents and ratios on the reactivity
of the cool flame, blue flame and hot flame.
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Figure 4: Weak flame images of iso-octane at P = 200 kPa for dilution ratios of 0%, 20%
and 50% of N2, CO2 and H2O (only 20%).
3. Results
In the following sections, we are presenting experimental results, compare
them to computational results and analyze the effect of EGR-like dilution on
reactivity in the MFR. First, the weak flames of iso-octane are analyzed.
Here, the focus is on the blue flame and the hot flame. After this, n-heptane
will be examined as representative of high reactivity fuels. This allows for an
additional investigation of the cool flame, that is not present in the iso-octane
cases.
3.1. Experimental results
Figure 4 shows weak flame images of iso-octane at 200 kPa without dilu-
tion as well as with 20% and 50% dilution by N2, CO2 and H2O (dilution by
H2O only up to 20% due to vapor pressure).
Two luminous zones, namely the blue flame and the hot flame (from
left to right), are visible for all conditions. Cool flames are not visible due to
three reasons, i. e., the low reactivity of iso-octane at low temperatures, lower
chemiluminescence at elevated pressure [29] and dilution by inert diluents.
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Figure 5: Luminosity profiles (intensity of blue color channel of RGB image) of iso-octane
at P = 200 kPa for CO2 dilution ratios of 0%, 20% and 50%.
When N2 was added as a diluent, the blue flame became shorter, weaker
and shifted to higher temperatures. The hot flame also shifted to higher
temperatures while its length decreased. The addition of CO2 showed similar
results on the blue flame to those of N2, while the hot flame appeared longer
but less luminous. The addition of H2O did not affect the position or the
length of the blue flame nor the hot flame. However, H2O addition decreased
the luminosity more than N2 and CO2.
The luminosity profiles for the addition of CO2 (0%, 20% and 50%) along
the axis of the MFR in Fig. 4 are shown in Fig. 5. As the CO2 mole fraction
was increased to 50%, the overall luminosity decreased by approximately
50%. The location of the peak luminosity of the hot flame shifted 23 K to
higher wall temperatures, while that of the blue flame moved by 50 K.
Figure 6 shows the effect of pressure on iso-octane weak flames with 20%
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Figure 6: Weak flame images of iso-octane for a dilution ratio of 20% CO2 at pressures
between 100 kPa and 500 kPa.
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P = 150 kPa
P = 200 kPa
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P = 500 kPa
Figure 7: Luminosity profiles (intensity of blue color channel of RGB image) of iso-octane
for a dilution ratio of 20% CO2 at pressures between 100 kPa and 500 kPa.
CO2 dilution. As the pressure was increased, the blue flame shifted to lower
wall temperatures while its luminosity decreased. The hot flame also shifted
to lower wall temperatures, became broader and reduced its luminosity. The
luminosity profiles along the MFR axis of Fig. 6 are shown in Fig. 7. As the
pressure was increased from 100 kPa to 500 kPa, the luminosity peak of the
hot flame decreased by a factor of eight and moved upstream by 62 K. The
peak luminosity of the blue flame changed only slightly for an increase from
100 kPa to 200 kPa, while the peak location shifted upstream by 60 K. For
15
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Figure 8: Heat release rate profiles of iso-octane at P = 200 kPa for CO2-dilution ratios
of 0%, 20% and 50%, as obtained by the modified KUCRS mechanism.
a further increase of the pressure to 500 kPa, the blue flame peak position
moved by another 60 K, while its peak value reduced by about 75%.
3.2. Computational results
The computational results of the heat release rate by the modified KUCRS
reaction mechanism for the conditions of Fig. 5, i. e., weak flames of iso-
octane at 200 kPa with CO2-dilution between 0% and 50%, are shown in
Fig. 8. The computational results showed three distinct peaks for all condi-
tions, which correspond to the cool flame, the blue flame and the hot flame
from low to high temperature. The KUCRS mechanism showed only small
heat release in the cool flame. The most heat was released in the blue flame
for all dilution cases. As the dilution ratio was increased from 0% to 50%, the
peak value decreased by more than 50% and slightly shifted downstream by
14 K. The hot flame showed a similar trend, where the peak value decreased
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Figure 9: Luminosity profiles of iso-octane for a dilution ratio of 20% CO2 at pressures
between 100 kPa and 500 kPa, as obtained by the modified KUCRS mechanism.
and its position moved downstream by 19 K.
The influence of the pressure on the computational heat release rate pro-
files of KUCRS is shown in Fig. 9 for iso-octane with a CO2 dilution of 20%.
As the pressure was increased from 100 kPa to 500 kPa, the cool flame be-
came stronger and moved to lower wall temperatures. Its overall contribution
to the heat releases rate, however, stayed small even at 500 kPa. The peak
value of the blue flame increased slightly with increasing pressure, while its
position shifted upstream by 141 K. This trend agrees with that of the exper-
iment, while the flame positions of the computation are at up to 35 K lower
wall temperatures than in the experiment. The HRR-peak of the hot flame
showed a strong reduction for increasing pressure by a factor of ten. As the
hot flame became broader with increasing pressure, the total released heat
of the hot flame was reduced by half. The peak position, however, showed
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an irregular pattern. For a pressure increase from 100 kPa to 150 kPa, the
peak position shifted upstream by 12 K. It then moved downstream by 8 K
(200 kPa) before moving upstream again by 57 K (500 kPa). This behavior is
different from the experimental results, where the hot flame monotonically
shifted to lower wall temperatures for increasing pressure. These results in-
dicate that our current definition of the flame position was not sufficient and
we pursued to find a method that allows for a better comparison between
simulation and experiment. This will be discussed in section 3.3.
3.3. Determination of flame location
Excited CH∗-radicals emit light at peak wavelengths of 390 nm and 431 nm,
where the second peak usually is dominant [39]. As weak flame images
in the experiment were taken through a 431 nm band-pass filter, the CH∗-
chemiluminescence could be separated from other sources of different wave-
length. In our previous studies at atmospheric pressure, Φ = 1.0 and without
dilution, computational peak locations of CH-radicals (non-excited) showed
good agreement with peak locations of the heat release rate [26]. A short-
coming of this method was, however, the usage of CH-radicals as an indicator
for chemiluminescence, while, more precisely, the source of the photon emis-
sion is the quenching of excited CH∗ radicals. A reaction mechanism for the
formation of excited CH∗ radicals and the following quenching reactions was
given in [31, 40], which in turn was based on [35, 36] (see table 1). These
references also include the excited CO∗2 as a source of chemiluminescence,
which however, emits a broadband spectrum. Therefore, only a fraction of
it is captured when images are taken through the band-pass filter. The for-
mation and the photon emission from the quenching of CH∗ and CO∗2 (see
18
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Figure 10: Comparison of experimental luminosity profile of iso-octane for a dilution ratio
of 20% CO2 at 200 kPa with computational results by modified KUCRS for heat release
rate, CH∗ chemiluminescence, CO∗2 chemiluminescence and a combination of CH
∗ and
CO∗2 chemiluminescence. Note that the values were normalized for easier comparison.
Eq. (5) and Eq. (7)) for the current investigation was calculated in a post
processing step as the concentration of the excited states compared to the
ground states was assumed to be orders of magnitude smaller [35]. Fig. 10
shows the comparison between the normalized values (by peak value) of the
experimentally captured chemiluminescence profile for iso-octane at 200 kPa
with 20% CO2 dilution, the heat release rate by the modified KUCRS mech-
anism, as well as the newly calculated photon emissions from CH∗ and CO∗2.
To account for the total photon emission and the effect of filtering of the CO∗2
broad-band emission through the 431 nm band-pass filter, the CO∗2 emission
was multiplied by a calibration factor and was added to that of CH∗ (see
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Eq. (9)). This factor was found to give best results for a value of 5 × 10−5.
itotal = iCH∗ + 5 × 10−5iCO∗2 (9)
The result of this addition is also shown in Fig. 10. The comparison of lu-
minosity and heat release rate shows that the modified KUCRS mechanism
predicts the blue flame at a lower wall temperature than in the experiment.
For the hot flame, the computational results show the hot flame at a wall
temperature that is significantly higher than in the experiment. Further-
more, it shows a lower intensity of the hot flame than the blue flame, which
is opposite to the experimental results. On the other hand, the newly cal-
culated normalized profile of the photon emission by CH∗ showed very good
agreement for the location of the blue flame. While the wall temperature at
the hot flame location is only slightly over-predicted, the ratio of the blue
flame peak and the hot flame peak is different from the experiment. The
profile of the emission from CO∗2 does not show a peak for the blue flame but
shows a strong increase for the hot flame. The location, again, was slightly
higher than in the experiment. The combination of CH∗ and CO∗2, showed
the best agreement with the luminosity profile. The experimental peak lo-
cations of the blue flame and the hot flame as well as their ratios were well
reproduced. In general, the new method, which uses the combination of pho-
ton emission from CH∗ and CO∗2, showed improved results for the profile and
location of the blue flame and the hot flame. The other cases showed the
same trend, where the flame locations as determined by the heat release rate
underestimated the wall temperature at the blue flame and overestimated
the wall temperature at the hot flame. When the new method was used,
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Figure 11: Wall temperature at the blue flame (left side) and hot flame positions (right
side) of iso-octane at pressures between 100 kPa and 500 kPa as obtained by the experiment
and computations by the modified KUCRS mechanism, based on itotal. Diluents and
dilution ratio are indicated by color and line style, black line represents the base case
without dilution.
the experimental results. Therefore, in the following part, the flame posi-
tions will be determined by the new method of combining calculated photon
emission from CH∗ and CO∗2.
3.4. Effect of pressure and EGR-like dilution on flame locations
The comparison of flame positions from the experiment and the simula-
tion of iso-octane for pressures between 100 kPa and 500 kPa and dilution
ratios of 0%, 20% and 50% by N2, CO2 and H2O are shown in Fig. 11. In the
21
experiments, the blue flame of the non-diluted case, the base case (solid black
line), showed a shift from 995 K to 850 K (∆Tw = 145 K) as the pressure was
increased from 100 kPa to 500 kPa. For the cases with 20% dilution by N2
and CO2, the shift of the flame location followed the trend of the non-diluted
case very closely, with differences being within the measurement uncertainty
for the blue flame of ±10 K. The case of H2O dilution, however, showed a
different trend. For pressures of 100 kPa and 150 kPa, the flame position was
close to those of the base case and the N2 and CO2 cases. For a pressure
of 200 kPa, however, it started to diverge from the base case and shifted to
lower wall temperatures. This trend intensified for 300 kPa, where the 20%
H2O-diluted blue flame was located at a wall temperature that was 35 K
lower than that of the base case. For N2 and CO2, as the dilution ratio was
further increased to 50%, the blue flames shifted to higher wall temperatures
by up to 35 K.
The effect of pressure and dilution on the hot flame location was smaller
than the effect on the blue flame. For the base case (0% dilution), the
increase of pressure to 500 kPa lead to a shift of the hot flame to lower wall
temperatures by 65 K. This was less than half of that of the blue flame. For
20% dilution by N2 and CO2, the position of the hot flame was at slightly
higher wall temperatures than the base case, with a maximum difference of
13 K for the N2 case at 150 kPa. For the increased pressure of 500 kPa, the
flame locations converged and were within the measurement uncertainty of
the base case. The cases with H2O dilution showed a slightly different trend
that was similar to that of the blue flame. For pressures up to 200 kPa,
the hot flame was located at slightly higher wall temperatures than in the
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base case. At 300 kPa, however, it moved to a wall temperature that was
13 K lower than that of the base case. The increase of the dilution ratio
to 50% for N2 and CO2 lead to a further shift of the hot flames to higher
wall temperatures. The differences to the base case ranged between 26 K at
100 kPa (N2) and 9 K at 500 kPa (CO2) Overall, all the hot flames converged
towards the base case as the pressure was increased.
The flame positions that were obtained by the modified KUCRS mecha-
nism (based on itotal) showed a similar trend to those of the experiment (with
the exception of dilution by H2O, see Fig. 11). For the base case, the blue
flame locations were very close to those of the experiment with differences
of less than 5 K. The computational blue flame shifted upstream by 142 K as
the pressure was increased to 500 kPa. The dilution by 20% N2 and CO2 only
had little effect on the blue flame position, which shifted less than 10 K to
higher temperatures for all pressures except for 100 kPa, where the shift was
up to 35 K. H2O dilution showed a similar trend except at 100 kPa, where
the blue flame shift was only 10 K, which is lower than for the other cases.
The dilution by 50% diluents shifted the blue flame further to higher wall
temperatures. The biggest shift occurred for CO2 at 100 kPa, where shift
was 65 K compared to the base case. At this pressure, however, H2O again
showed a larger deviation from the other two diluents with a shift that was
only 40 K higher than the base case. For higher pressures, all diluents showed
fairly similar flame positions, which were apart less than 10 K.
The effect of the diluents on the hot flame location was similar to that
of the blue flame, except for dilution by H2O. In the base case, the hot
flame shifted upstream by 68 K, which was in very good agreement with the
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experiment. For the cases of 20% dilution, the diluents showed different
effects. The flame locations of the N2 cases were almost identical with those
of the base case, with the biggest difference of 5 K at 100 kPa. Dilution
by 20% CO2 shifted the hot flame further to higher temperatures, with a
difference to the base case of up to 11 K at 100 kPa. H2O had the biggest
effect and moved the hot flame to higher temperatures by 35 K at 100 kPa.
As the pressure was increased, the flame locations for all diluents converged
towards the base case. An increase of the dilution ratio to 50% further moved
the hot flames to higher wall temperatures. The order was the same as for
the 20% dilution cases. Here, the hot flame of the N2 cases shifted by 22 K at
100 kPa, while that of CO2 shifted by 40 K and that of H2O by 89 K. Again,
as the pressure was increased, all cases converged towards the base case.
In general, the computational results by the modified KUCRS mechanism
showed good agreement with the experimental results with the exception of
the 20% H2O cases (50% H2O was not compared), which showed a shift to
lower wall temperatures for increasing pressure in the experiment that was
not observed in the simulations by the modified KUCRS mechanism.
3.5. Effect of EGR diluents on iso-octane weak flames
To further examine the effect of the different EGR diluents on the weak
flames, reaction path analysis was conducted for the results by the mod-
ified KUCRS mechanism. As the computational results showed the best
agreement with the experiment for the hot flame, important reactions of
this flame will be analyzed first. In our previous works, we showed that re-
actions of the hydrogen-oxygen system control the overall reactivity of the
hot flame [17, 29]. The reactions that are discussed here are R1932, R1938,
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R1940, R1945/1946 and R1947. These reactions are all involved in the con-
version of the H radical to the OH radical. OH, in turn, can react with CO
through R1959 to produce H, which restarts the cycle.
O2 + H  OH + O (R1932)
O2 + H (+M)  HO2 (+M) (R1938)
H + HO2  OH + OH (R1940)
HO2 + HO2  H2O2 + O2 (R1945/1946)
H2O2 (+M)  OH + OH (+M) (R1947)
CO + OH  CO2 + H (R1959)
Reaction path analysis for these hydrogen-oxygen reactions and the CO ox-
idation was performed for iso-octane at 500 kPa, which is a typical low-end
pressure before the start of spark ignition in a gasoline engine. A wall temper-
ature of 970 K was chosen, as this temperature is slightly above the transition
temperature from the blue flame to the hot flame for all cases. The results
of this reaction path analysis are shown in Fig. 12. The important chain
branching reaction R1932 was chosen as the basis for comparison and the
rate of progress variables of the remaining reactions were normalized by the
corresponding values of R1932 for each dilution case.
The rate of progress variable of R1932 is the largest for the base case
without dilution. The dilution by 20% and 50% N2 reduces this value by 5%
and 23%, respectively. This reduction is less than what could be expected
just from the dilution effect, which would be assumed to reduce these values
by 20% and 50%. For the cases of CO2 dilution, the reduction is 24% and
60%, which is slightly more than what is expected from simple dilution.
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Figure 12: Main reaction pathways of hydrogen-oxygen reactions at Tw = 970 K for iso-
octane at 500 Pa as obtained by the modified KUCRS mechanism. Dilution ratios of 0%
(indicated as base), 20% and 50% of N2, CO2 and H2O. Rate of progress of reaction R1932
(right side) shown as absolute values for each dilution case. Rate of progress of remaining
reactions shown as normalized values by the corresponding rate of progress of R1932 for
each dilution case.
These values decrease further by 54% and 85% for the cases of H2O dilution.
The chain branching reaction R1932 is in direct competition with the
three-body chain termination reaction R1938. For all investigated cases, the
rate of progress of R1938 is significantly larger than that of R1932. The
main cause for this is the increased pressure of 500 kPa, which favors this
three-body reaction. The base case shows a rate of progress variable that is
approximately 16 times larger than that of R1932. For the dilution by N2,
this factor decreases slightly by 13% for 20% dilution and by 32% for 50%
dilution. This decrease is caused by the effect of N2 as a third body. The
dilution by N2 decreases concentrations of species that have an enhanced
third body efficiency, i. e., species that enhance this reaction, such as CO2
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(enhanced third body efficiency that is 3.6 times larger than that of N2) and
H2O (enhanced third body efficiency that is 16.5 times larger than that of
N2). Therefore, dilution by N2 causes R1938 to weaken. The dilution by CO2
shows only little effect on this reaction as compared to the base case. On
the one hand, CO2 has a higher third body efficiency than N2 and enhances
this reaction. On the other hand, it reduces the concentration of H2O as a
combustion product, which has an even higher third body efficiency. Under
these circumstances, these two effects balance each other. The effect of the
high third body efficiency of H2O can be seen as it is added as a diluent. It
increases the ratio of R1938 to R1932 by 68% for 20% dilution and by 180%
for 50% dilution as compared to the base case.
The HO2 that is produced by R1938 reacts in a subsequent step with
an H radical through R1940 to form two OH radicals. This reaction shows
little difference between the three diluents and is only slightly weaker than
R1932. Most of the HO2 reacts with another HO2 in R1945 and R1946 to
form H2O2. As two HO2 radicals are consumed, the rate of progress is about
half of that of R1938, which predominantly produces these radicals. Similar
to R1938, the dilution by CO2 has little effect compared to the base case,
while N2 leads to a slight decrease and H2O leads to a strong increase of the
rate of production. This is a direct result of the third body effect of these
species on R1938. The same trend applies for R1947, in which the H2O2
dissociates to form two OH radicals in a three-body reaction.
Overall, three different trends for the formation of OH from H can be
observed for the three diluents. The dilution by N2 slightly shifts the con-
version of H from R1938 to R1932 as N2 has a low enhanced third body
27
efficiency. While CO2 has a higher third body efficiency, it is not as high
as that of H2O. Because of this, CO2 does not have a large effect on the
competition between R1932 and R1938. H2O, however, has the largest third
body efficiency and therefore shifts the equilibrium towards R1938. As H is
not directly converted to OH, but rather has to progress through HO2 and
H2O2, this decreases the reactivity and shifts the hot flame to higher wall
temperatures. This was shown in Fig. 11 for the modified KUCRS mecha-
nism, where the hot flames of 50% dilution by CO2 and H2O at 500 kPa were
at the second highest and the highest wall temperatures, respectively.
These hot flame results agree well with those of syngas [17], where H2O
had the strongest retarding effect in both the simulation and the experiment.
In the current study, however, the retarding effect of H2O was only observed
in the simulation, while in the experiment, the hot flame shifted to lower
wall temperatures for the dilution by 20% H2O. The main difference between
the syngas cases and the current iso-octane cases is that iso-octane shows
an additional blue flame, which is also influenced by the diluents. In the
experiment, for H2O dilution, the blue flame shifted to lower wall temper-
atures, which is expected to influence the hot flame and move it to lower
wall temperatures as well. In the simulation, however, the blue flame was
shifted to higher wall temperatures for H2O dilution. With the absence of
the promotional effect of H2O on the blue flame, this is assumed to also affect
the hot flame and its shift to higher wall temperatures.
3.6. Effect of EGR constituents on n-heptane weak flames
The weak flame locations of n-heptane as obtained by the experiment and
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Figure 13: Wall temperature at the cool flame (left side), blue flame (middle) and hot flame
positions (right side) of n-heptane at pressures between 100 kPa and 500 kPa as obtained
by the experiment and computations by the modified KUCRS mechanism, based on itotal.
Diluents and dilution ratio are indicated by color and line style, black line represents the
base case without dilution.
trends of the blue flame and the hot flame were similar to those of iso-octane
while an additional cool flame appeared for pressures higher than 100 kPa.
The hot flame of the experimental base case moved upstream by 40 K as
the pressure was increased to 500 kPa. It was located at wall temperatures
up to 29 K lower than those of iso-octane. The addition of 20% diluents
showed only little effect on the hot flame location and little difference be-
tween the diluents. The hot flames were located at up to 10 K higher wall
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temperatures than the base case but converged towards it as the pressure was
increased. The dilution by 50% CO2 moved the hot flame further to higher
wall temperatures. For the dilution by 50% N2, however, a peculiar trend
was observed. For an increase of the pressure to 150 kPa, the flame moved
slightly downstream. As the pressure was increased further, the flame move
upstream again and converged towards the base case.
The blue flame of the experimental base case shifted upstream by 60 K
for increasing pressure, which is less than half of that of iso-octane. For
the dilution by 20% N2 and CO2, the flame locations were within the mea-
surement uncertainty of the base case (10 K). The increase of the dilution to
50% showed a stronger effect, especially for the cases of N2. Here, the blue
flame was shifted by 20 K to higher temperatures at 100 kPa and by 20 K to
lower temperatures at 500 kPa as compared to the base case. The dilution
by 20% H2O lead to blue flames that were located at up to 25 K lower wall
temperatures than the base case, which is similar to the effect of H2O on
iso-octane blue flames.
Different from the iso-octane cases, the experimental n-heptane cases
showed an additional cool flame for pressures above 100 kPa. In the base case,
the flame location shifted upstream by 20 K as the pressure was increased.
This shift is the smallest of all three weak flames. The dilution by 20% N2
and CO2 caused small shifts downstream, which were less then 10 K and
therefore withing the measurement uncertainty of 15 K. Dilution by 20%
H2O showed the biggest change at 150 kPa with a shift of 20 K to higher wall
temperatures, while at higher pressures, the values were similar to those of
the other two diluents. Due to the high dilution by 50% N2, a cool flame was
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only observed at 500 kPa, where it was located at the same wall temperatures
as that of the base case. For the dilution by 50% CO2, the cool flame was
observed for pressures between 150 kPa and 500 kPa and was located at wall
temperatures up to 15 K higher than those of the base case.
In the simulations, the hot flame of the base case showed a peculiar be-
havior that is similar to that of the 50% N2 case of the experiment. As the
pressure was increased, the hot flame first moved slightly downstream before
moving upstream again. This change of direction also occurred for 20% dilu-
tion by N2 and CO2 as well as for 50% dilution by N2. H2O did not exhibit
this behavior. The wall temperatures at the hot flame location for 20% di-
lution by H2O were generally slightly higher than for the base case, which
agrees well with the experiment. H2O had the strongest effect at 100 kPa
(34 K higher than the base case), while its effect was very similar to those
of the other two diluents at higher pressures. The increase of the dilution
ratio to 50% for N2 showed only small effect on the hot flame location. On
the other hand, 50% CO2 dilution shifted the hot flame by up to 28 K to
higher wall temperatures. Similar to the iso-octane cases, 50% H2O showed
the biggest shift to higher wall temperatures with differences up to 87 K at
100 kPa. In general, the locations of the hot flame converged towards the
base case for higher pressures, which is similar to iso-octane.
The blue flame of the base case as obtained by the modified KUCRS
mechanism shifted upstream by 99 K as the pressure was increased. Its lo-
cation was within 24 K of that of the experiment. The effect of 20% diluent
addition was small and there were practically no differences between the
diluents. This agrees well with the experimental results. The increase of
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the dilution ratio to 50% shifted the flames to higher temperatures by up to
41 K for H2O at 100 kPa and slightly less for the other two diluents. With
the exception of H2O (similar to iso-octane), these results agree with the
findings of the experiment. Overall, the effect of pressure and dilution on the
blue flame location of n-heptane were smaller than for the iso-octane cases.
The cool flame of the base case of KUCRS shifted upstream by 32 K for
increasing pressure and was located at wall temperatures up to 24 K higher
than in the experiment. The dilution by N2, CO2 and H2O showed only little
effect, which was less than 2 K at any condition. These changes are much
smaller than for the blue flame and the hot flame.
The chemical effect of the three diluents on the blue flame and the hot
flame was discussed in the previous section on iso-octane and also applies
to n-heptane. However, a big difference occurred in the experiment for n-
heptane that was diluted by N2, where the hot flame moved to higher wall
temperatures as the pressure was increased from 100 kPa to 150 kPa, which
was opposite to the trend of the corresponding iso-octane cases. An increase
of the dilution ratio by N2 from 20% to 50% further intensified this trend.
For the other two diluents, this trend did not occur. In the simulations
by the modified KUCRS mechanism, the shift to higher wall temperatures
was also observed for the base case, the N2 dilution cases as well as the
CO2 dilution cases. The H2O cases did not show this behavior. As the
hot flame is strongly controlled by hydrogen-oxygen reactions, this behavior
shows similarities with the transition from the second to the third explosion
limit of hydrogen-oxygen mixtures as shown in Fig. 14. In this system, the
second explosion limit is strongly governed by the chain branching reaction
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Figure 14: Explosion limits of stoichiometric H2-O2 mixture. Data obtained from [41].
R1932 (R1 in Fig. 14) and the chain termination reaction R1938 (R9 in
Fig. 14). The transition from the non-explosive to the explosive regime in case
of KUCRS reaction numbers is given by Eq. (10), where k is the rate constant
of each reaction and [M] the mixture concentration (including enhanced third
body efficiencies).
2k1932 = k1938[M] (10)
As R1938 (R9) is a three body reaction with enhanced third body efficiencies,
it is strongly dependent on the mixture composition. The comparison of the
rate constant of R1932 and those of R1938 for different diluents are shown in
Fig. 15 at a pressure of 100 kPa. Without dilution, the transition point from
the non-explosive to the explosive regime is located at 1005 K. As the mixture
is diluted by 50% N2, the transition point shifts to lower temperatures by
20 K. When the mixture is diluted by 50% H2O, however, it shifts to higher
temperatures by 140 K. As this shift occurs at a constant pressure, this leads
33

























Figure 15: Comparison of the rate constants of R1932 and R1938 for different dilution
conditions at 100 kPa as obtained by the modified KUCRS mechanism.
to a shift of the transition line in Fig. 14 to the left (lower temperatures) for
the dilution by N2 and a shift to the right (higher temperatures) for H2O.
For N2, this leads to a shift of the point, where the second explosion limit
and the third explosion limit meet, to higher pressure. This effect was seen
in Fig. 13, where, as more N2 was added as a diluent, the turning point
shifted to a pressure that was higher than 100 kPa. The same was observed
in the simulations by the modified KUCRS mechanism. For H2O, the trend
is opposite and it moves the turning point to lower pressure. This effect
can be seen in the computational results by KUCRS in Fig. 13, where the
transition point is absent in the H2O cases, which indicates that it moved to
pressures below 100 kPa.
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3.7. Heat contribution index
In the previous section we discussed the effect of EGR-like dilution and
pressure on flame locations. At lower pressures, these flame locations are
good indicators for reactivity [22, 24, 29, 42]. For elevated pressures, how-
ever, this method cannot be applied in the same way. Therefore, in our
previous study, we introduced the heat contribution index (HCI ) as a mea-
sure of reactivity [23]. The HCI is the ratio of heat that is released in one of
the three separated weak flames to the total heat release (see Eq. (8)). Conse-
quently, the sum of the Cool flame-HCI, Blue flame-HCI and Hot flame-HCI
equals unity. In our previous study, without dilution, the Hot flame-HCI was
independent of the fuel, as the hot flame was governed by hydrogen-oxygen
reactions and CO oxidation, which were the same for all investigated fuels.
Big differences where found for the Cool flame-HCI and the Blue flame-HCI.
Fuels of high reactivity had a relatively high Cool flame-HCI and a relatively
low Blue flame-HCI, while this trend was inversed for low-reactivity fuels.
The HCI s of the current study that were obtained by the modified KUCRS
mechanism for iso-octane at 500 kPa for all three diluents and dilution ra-
tios are shown in Fig. 16. The Cool flame-HCI does not show differences
between the three diluents, while it decreases from 0.072 to 0.049 as the
dilution ratio is increased from 0% to 50%. As all three diluents show the
same reduction, it signifies that the dilution effect is dominant compared to
the chemical effect. Furthermore, as a lower fraction of the heat is released
in the cool flame, this indicates that the mixture becomes less reactive in
this temperature region as diluents are added. Compared to the non-diluted
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Figure 16: Heat contribution index of the cool flame, blue flame and hot flame of iso-octane
at 500 kPa for different dilution ratios and diluents as obtained by KUCRS.
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interpreted as an increase of the RON by approximately 12.
The Blue flame-HCI is the largest of the three HCI s, which is consistent
with the observations in our previous study. As N2 and CO2 are added, the
Blue flame-HCI decreases slightly. At the same time, the Hot flame-HCI
increases. This shows a shift of the heat release from lower temperatures
to higher temperatures, which indicates an overall reduction of reactivity as
N2 and CO2 are added as diluents. For H2O, the Blue flame-HCI increases
slightly, while the Hot flame-HCI does not increase as much as for N2 and
CO2. This signifies that H2O has a slight promoting effect at intermediate
temperatures. This was already discussed in a previous section and was
owed to the higher third body efficiency of H2O, which enhances the chain
branching reaction R1947. Overall, however, H2O has a reducing effect on
reactivity as more heat is left to be released in the hot flame. This distinction
between H2O on the one side and N2 and CO2 on the other agrees well with
the findings in the experiment, where the H2O cases showed weak flames at
lower wall temperatures than for the other two diluents.
The HCI s of n-heptane at 500 kPa for all three diluents and dilution ra-
tios are shown in Fig. 17. The Cool flame-HCI s of n-heptane show higher
values than those of iso-octane by a factor of five, while it follows the de-
creasing trend for higher dilution ratios. N2 and CO2 show similar values,
with the Cool flame-HCI of the CO2 case decreasing from 0.270 (no dilu-
tion) to 0.223 (50% dilution), which corresponds to an increase of the RON
by 24. The dilution by H2O shows a higher reduction of the Cool flame-
HCI, which is assumed to be due to a shift of the chemical equilibrium of
nC7H16 + OHnC7H15 +H2O as a result of increased H2O concentration.
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Figure 17: Heat contribution index of the cool flame, blue flame and hot flame of n-heptane
at 500 kPa for different dilution ratios and diluents as obtained by KUCRS.
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The Cool flame-HCI of the H2O case changes from 0.270 (no dilution) to
0.215 (50% dilution), which corresponds to an increase of the RON by 28 as
compared to non-diluted PRF cases. Overall, the decreasing values indicate
lower reactivity at low temperatures for higher dilution ratios. The strong
reduction of the Cool flame-HCI agrees with previous findings [13], where
the dilution effect was stronger for fuels with multi-stage ignition, i. e., fuels
with higher reactivity such as n-heptane in this case.
The addition of diluents to n-heptane mixtures increases the Blue flame-
HCI for all cases, which is different from the iso-octane results. For n-
heptane, the case of H2O dilution shows the biggest increase, which almost
completely compensates the reduction of the corresponding Cool flame-HCI.
This, again, can be attributed to the high enhanced third body efficiency of
H2O on the chain branching reaction R1947. The other two diluents show a
smaller increase of the Blue flame-HCI, which only partly compensates the
reduction of the Cool flame-HCI.
The remaining heat is left to be released in the hot flame. For H2O dilu-
tion, the blue flame completely compensated for the reduction of heat release
in the cool flame and therefore, the Hot flame-HCI stays constant. N2 and
CO2, however, show increasing values for the Hot flame-HCI. Overall, these
results show that H2O has an inhibiting effect on reactivity at low and at
high temperatures, while having a promoting effect at intermediate temper-
atures. N2 and CO2 show a weaker inhibiting effect at low temperatures
and a weaker promoting effect at intermediate temperatures, while showing
a promoting effect at high temperatures as compared to H2O.
These results show that by using separated weak flame in the MFR, the
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chemical and the dilution effect can be analyzed for various diluents at low,
intermediate and high temperatures. Fuels with strong multi-stage ignition,
such as n-heptane, are strongly influenced by EGR-like dilution, especially
by diluents with high third body efficiency, such as H2O. This leads to lower
reactivity especially at low temperatures. At intermediate temperatures,
diluents with a high third body efficiency have a promoting effect. This was
seen in the flame position as well as the HCI of n-heptane as well as iso-
octane. For the hot flame, however, this trend is inversed, as H2O enhances
chain termination and decreases reactivity. This also agrees with the finding
in our previous study, where the dilution by H2O shifted the hot flame of
syngas (fuel with single-stage ignition) to higher wall temperatures [17].
4. Conclusions
In this study, a vertical-type micro flow reactor with a controlled tem-
perature profile was used to investigate the chemical and dilution effects
of N2, CO2 and H2O on the separated weak flames of iso-octane/air and
n-heptane/air mixtures at elevated pressure. Additionally, one-dimensional
steady computations were conducted to further analyze chemical reactions
and the heat release at different stages of the combustion. In the experi-
ments, increasing pressure lead to a shift of the cool flame, the blue flame
and the hot flame to lower wall temperatures. Dilution by 20% N2 and CO2
showed only little effect on the flame location of the separated weak flames,
while the addition of 50% of these two species shifted the blue flame and the
hot flame to higher wall temperatures. Dilution by H2O had the opposite
effect, where it shifted the blue flame as well as the hot flame to lower wall
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temperatures for both fuels.
In order to obtain the flame locations from the simulations by the modified
KUCRS mechanism, a new method was employed that calculated the photon
emission from excited CH∗ and CO∗2. With this method, the computational
results showed good agreement with the experiment. By conducting reaction
path analysis, it was found that the third body efficiency of the EGR species
had a major effect by increasing or decreasing the ratio of chain branching
to chain termination reactions. Here, H2O had a promoting effect on the
reactivity at intermediate temperatures, while it reduces reactivity at high
temperatures. Dilution by N2 showed the opposite effect. Furthermore, it
was found that high concentrations of N2 shifted the transition from the
second to the third explosion limit of hydrogen-oxygen mixtures to higher
pressures. This effect was relevant for the hot flame of n-heptane and was
observed in the experiment as well as in the computations.
Through the calculation of the heat contribution index, the effect of EGR
species could be analyzed in more detail for each reaction zone. For n-
heptane, the reduction of reactivity was larger than that of iso-octane, which
lead to a shift of heat release from the cool flame to the blue flame and the
hot flame, as the dilution ratio was increased. The effect corresponded to an
increase of the RON by 28 for n-heptane and by 12 for iso-octane. Overall,
these results showed that the MFR can be used to investigate the effects of
EGR constituents on the reactivity of different fuels at low, intermediate and
high temperatures.
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Figure A.1: Comparison of experimental luminosity profile of iso-octane for a dilution
ratio of 20% CO2 at 200 kPa with computational results by the LLNL mechanism for heat
release rate, CH∗ chemiluminescence, CO∗2 chemiluminescence and a combination of CH
∗
and CO∗2 chemiluminescence. Note that the values were normalized for easier comparison.
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Appendix A. Results for LLNL
Figure A.1 shows the comparison of the experimental luminosity profile
for iso-octane with a dilution by 20% CO2 at a pressure of 200 kPa as well
as the computational heat release rate and calculated photon emission by
Eq. (9) for the LLNL mechanism. Compared to the results of the modified
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KUCRS mechanism in Fig. 10, the heat release rate in the cool flame is much
stronger, while the blue flame is weaker. The calculation of the total photon
emission by CH∗ and CO∗2 showed a good agreement for the location of the
blue flame with the experiment. However, the location of the hot flame was
located at a wall temperature that is 75 K higher than in the experiment.
Figure A.2 shows the flame locations of the blue flame and the hot flame of
iso-octane for the experiment and the simulations by the LLNL mechanism.
The locations of the blue flames by the LLNL mechanism showed similar
results to those of the modified KUCRS mechanism (see Fig. 11). For the
base case, the blue flame shifted upstream by 161 K as the pressure was
increased to 500 kPa. The agreement with the experiment was within 10 K.
Here, again, the 20% dilution conditions shifted the blue flame only slightly
to higher wall temperatures. The addition of 50% diluents showed a larger
shift, which was up to 45 K for H2O at 100 kPa. For an increase of the
pressure, the flame locations converged towards the base case. In general,
the results for the blue flame agreed well with the experimental results.
The wall temperature at the location of the hot flame, however, showed
rather large differences as compared to the experiment and the modified
KUCRS mechanism. For the base case, as the pressure was increased from
100 kPa to 150 kPa, the flame shifted to lower wall temperatures. As the
pressure was further increased to 200 kPa, the flame shifted to higher wall
temperatures again. At higher pressures, the flame changed direction another
time and moved to lower wall temperatures. The overall change was 38 K
for increasing pressure, with flame locations up to 46 K higher than in the
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Figure A.2: Wall temperature at the blue flame (left side) and hot flame positions (right
side) of iso-octane at pressures between 100 kPa and 500 kPa as obtained by the experiment
and computations by the LLNL mechanism, based on itotal. Diluents and dilution ratio
are indicated by color and line style, black line represents the base case without dilution.
rate was used as the flame location and lead to even larger differences with
the experiment, which was up to 65 K at 500 kPa. The cases with dilution
showed similar trends of changing flame direction for increasing pressure,
except for the 50% H2O case, which showed a shift of up to 69 K at 100 kPa
as compared to the base case. Overall, the results by the LLNL mechanism
showed good agreement with the experiment for the blue flame, while the
locations of the hot flames only had poor agreement. This was caused by
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Figure A.3: Wall temperature at the cool flame (left side), blue flame (middle) and hot
flame positions (right side) of n-heptane at pressures between 100 kPa and 500 kPa as
obtained by the experiment and computations by the LLNL mechanism, based on itotal.
Diluents and dilution ratio are indicated by color and line style, black line represents the
base case without dilution.
being at higher wall temperatures than the experiment and the results by
the modified KUCRS mechanism.
Figure A.3 shows the flame locations of the cool flame, the blue flame and
the hot flame of n-heptane for the experiment and the simulations by the
LLNL mechanism. Similar to the results for iso-octane, the results for the
blue flame show good agreement except for dilution by H2O. Furthermore,
the hot flames are located at up to 100 K higher wall temperatures than
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in the experiment. Additionally, the transition from the second to the third
explosion limit is seen for all conditions except for the dilution by 50% H2O at
pressures up to 300 kPa for the dilution by 50% N2. Similar to the results by
the modified KUCRS mechanism (see Fig. 13), the cool flame is not affected
by the addition of diluents. Again, the LLNL mechanism shows agreeable
results for lower temperatures but large discrepancies for the hot flame.
Appendix B. Comparison of 1-D and 2-D computations
In order to validate the usage of 1-dimensional computations for the mi-
cro flow reactor with a controlled temperature profile (MFR), comparison
with 2-dimensional computations were conducted. As 2-D computations of
the full chemistry of n-heptane and iso-octane demand very high compu-
tational power, the comparison was done for a stoichiometric methane/air
mixture by the USC II mechanism [43], where species and reactions larger
than C4 were removed. The computations were conducted by Ansys FLU-
ENT 16.2 [32]. The computational domain is shown in Fig. B.4. The domain
is axisymmetric, has a length of 10 cm and a radius of 1 mm. The mesh size
is 100µm in all directions. On the left side of the domain is a velocity inlet,
while on the right side is a pressure outlet. The wall is modeled as a no-slip
Figure B.4: 2-Dimensional computational domain.
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Figure B.5: Wall temperature profile and coefficients for quadratic equation for 2-D com-
putations.
boundary with a fixed temperature profile. The inlet flow velocity was set to
2.0 cm/s, while the pressure was constant at 100 kPa. The wall temperature
profile is shown in Fig. B.5. The wall temperature profile was provided by
the step-wise quadratic equation B.1. The coefficients a, b and c are given in
Fig. B.5.
Tw = ax
2 + bx+ c (B.1)
A steady-state, pressure-based solver was used with a second-order upwind
scheme. Full multi-component diffusion was considered. The 1-D computa-
tions were conducted by modified Chemkin-Pro PREMIX under the same
boundary conditions (for details see section 2.2).
Results of the mole fractions of CH2O and OH as well as the heat re-
lease rate (HRR) are shown in Fig. B.6. CH2O was chosen as it is a species
that is formed at lower temperatures, while OH is formed at higher tempera-
tures. The CH2O profile shows little variation with the radius and reaches a
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Figure B.6: Heat release rate and mole fractions of CH2O and OH of 2-D computations.
maximum at a wall temperature of approximately 1150 K. The HRR shows
a narrow peak around 1245 K, the location of the hot flame. The HRR is
strongest in the center of the tube and weakens towards the wall. The OH
profile reaches its peak slightly behind the hot flame. The OH mole frac-
tion in the center of the tube is slightly higher than near the wall. Overall,
theses results do not show large deviation from axisymmetry for the 2-D
computations.
The comparison between the HRR of 1-D computation and the HRR
along the axis of the 2-D computation is plotted in Fig. B.7. Overall, the
graphs of the two computations show very good agreement qualitatively as
well as quantitatively. The peak of the 1-D case is at a wall temperature of
1247 K, while that of the 2-D case is 4 K higher at 1251 K. The difference of
the peak values is less than 1.3 %.
The comparison for the CH2O profiles is shown in Fig. B.8. At low
temperatures, the agreement is very good, while at higher temperatures it
only deviates slightly. The wall temperature at the peak location of both
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Figure B.7: Heat release rate profiles of 1-D and 2-D computations.
cases is 1164 K. The difference in the peak values is less than 7 %.
The OH species profiles of the 1-D and the 2-D cases are shown in Fig. B.9.
Both profiles show a very sharp rise at temperatures slightly higher than
1200 K. The 1-D profile reaches its peak at a wall temperature of 1259 K,
while the that of the 2-D profile is at 1260 K. The differences in the peak
values are less than 1.0 %.
The comparison of the 1-D and 2-D results show a very good agreement
for the heat release rate and species mole fractions. Based on these results,
the usage of 1-D simulations for the micro flow reactor with a controlled
temperature profile is well justified.
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Figure B.8: CH2O mole fraction profiles of 1-D and 2-D computations.
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